There is a growing use of color monitor systems in visual research and a parallel growth in the use of coneexcitation space to define stimuli and to report data. Color specification in monitor systems is accomplished by combination of the phosphor chromaticities. The effect of interobserver variation on color specification is highly dependent on the spectroradiometric properties of the primaries. We review potential sources of biologic variability and its effect on the nominal axes in a cone-excitation diagram for a color monitor system. Variation in preretinal pigment (lens and macular pigment), in the effective optical density and the spectral sensitivity of the visual photopigments, and in the cone weighting used to derive the spectral luminosity function are considered. The consequences of such biological variability are rotation and translation of the axes for a given observer relative to the nominal axes that the observer used for color specification. The importance of such rotations can be viewed within the framework of a particular experimental paradigm.
INTRODUCTION
The purpose of this paper is twofold. First, we wish to evaluate the effect of biologic variability on color specification with use of a color monitor system. Second, we wish to evaluate the effect of this variability on cone-excitation axes. The development of image-processing technology has been accompanied by growing use of monitor systems for color vision research. Parallel to this development has been the growing acceptance of a parallelpathway model of visual processing. 1 Color information in the macaque is organized in the parvocellular processing stream 2, 3 ; two major classes of cell carry chromatic information from the cone photoreceptors. The parvocellular channels are similar to a cone-excitation transformation of human color-matching data, proposed by MacLeod and Boynton. 4 Many recent studies use the cone-excitation metric to specify stimuli. This metric has been used with monitor-based systems to reproduce or design color vision tests, 5, 6 to study color discrimination, and to specify stimuli for both the visual evoked potential 7 and the pupil response. 
A. Color Specification on Monitors
The effect of interobserver variation on color specification is highly dependent on the spectroradiometric properties of the stimuli. Color specification based on reflective papers is far less sensitive to individual variation than is specification based on narrow-band primaries. With the generally broadband spectra of reflective materials, factors such as lens transmission or macular pigment density provide correlated changes in the spectral distribution of light arriving at the retina from different samples. Thus there may be a translation of color axes but little rotation. An example of the success of this approach may be found in the extensive use of the Munsell system in the specification of the chromaticities of tests for color vision deficiency. Specification based on narrow-band trichromatic primaries may be more or less subject to individual variation, depending on the relation between the spectra of the biological variables and the spectra of the colorimetric primaries. Color specification on a monitor is determined by combinations of the three phosphors. In modern monitors the blue and green phosphors have broadband characteristics. The red phosphor has multiple narrow peaks. The chromaticities of the phosphors vary among different manufacturers, especially the chromaticity for the green phosphor. 9 However, the effect of biological variation on a commonly used monitor can be calculated, and because of the general similarity of phosphor spectra, we would not expect great variation among different monitors.
B. Cone-Excitation Space
Modern studies of chromatic discrimination have expressed data in cone-excitation units (e.g., Ref. 10) for long-wavelength-sensitive (LWS), middle-wavelengthsensitive (MWS), and short-wavelength-sensitive (SWS) cones. Cone-excitation units were derived from the MacLeod -Boynton cone-excitation space. 4 This space uses König fundamentals 11 and the assumption that only LWS and MWS cones contribute to luminance. The cone-excitation system is a linear transformation of the Judd 12 revised colorimetric system. The major axes of the MacLeod -Boynton cone-excitation space are LWS͞ (LWS 1 MWS) and SWS͞(LWS 1 MWS); the normalization of SWS͞(LWS 1 MWS) is arbitrary. The utility of these cone-excitation diagrams has been demonstrated by physiological studies of the macaque retinal and lateral geniculate nucleus 1 and by psychophysical studies of the cardinal axes of discrimination.
troland, Boynton and Kambe 14 renormalized the SWS fundamental, setting the area under the SWS fundamental equivalent to the area under the luminosity function (LWS 1 MWS). As a result there is one S troland (S Td) at 1 Td of equal-energy white. A version of this modified diagram has been used (e.g., Ref. 16) to express the results of chromatic-discrimination studies. In principle this metric allows us to compare discriminations made on the luminance and the chromatic cone-excitation axes. In the cone-troland space, discrimination can be represented in three dimensions: L trolands (L Td or the red -green dimension), S trolands (S Td or the tritan dimension), and trolands (lum or the luminance dimension).
In this paper we evaluate the effects of individual variation on the axes defined by the MacLeod -Boynton coneexcitation space 4 when the trichromatic primaries of a modern CRT monitor are used. The Judd observer 12 is a standard and does not necessarily represent any real observer in a laboratory. Normal physiological variation can cause variation in the placement of the copunctal points relative to those of the Smith -Pokorny fundamentals. As a consequence, the observer's axes might be translated or rotated relative to the Judd axes. However, for many types of study it would be convenient to use nominal axes rather than recalibrate the monitor for each individual observer. In this paper we review sources of variability in human vision and calculate the effects of such variability on the orientation of an individual's cone axes relative to the Judd axes. We then suggest how to evaluate the importance of the rotations.
SOURCES OF VARIABILITY
Sources of physiological variation important in color vision include variation in inert pigments, variation in the cone-photopigment spectra, and variation in the LWSand MWS-cone weighting.
A. Inert Pigments
The major inert pigments include the lens and the macular pigment. Both are known to show individual variation among observers with normal color vision. The lens also shows increased absorption with age. At a younger age, variation in lens density can be described as a multiple of the overall lens spectral-density function. Variation of the lens in young observers was calculated by van Norren 17 using Crawford's 18 measurements of the scotopic visibility spectrum. For the age group 20 -30 years, 625% of the mean spectral density for a young eye encompassed 95% of the variation. The variation in lens density with aging does not appear to be a multiple of the overall spectral density of a young eye. 19 Further, the effects of aging are mild at first but accelerate rapidly after age 60. A spectral-density function was proposed by Pokorny et al. 19 Macular pigment is also thought to vary widely among observers with normal color vision. 20 -23 The mean peak spectral density is 0.5 (Ref. 24) , but Vos proposed a spectral-density function for average macular pigment with a peak density of 0.35 near 445 nm. 21 The range of variation of the peak density has been estimated at eightfold 23 to tenfold. 20, 25, 26 Movement of the tritan copunctal point may be caused by variation in the lens and the macular pigment. When expressed in Wright's primary system, variation in the lens density with age progresses close to the tritan axis (e.g., Refs. 27 and 28). Thus we expect little rotation of the tritan copunctal point with lens variation. Increase in the density of the macular pigment will affect both the tritan copunctal point and the white point but will have minimal effect at long wavelengths. The effect of increasing macular pigment is to rotate the tritan metamer through white about a fixed point near 569 nm. Calculations of the effect of variation in the lens for an RGB monitor 29 showed elongation on the tritan axis without measurable rotation either for variation in the overall lens-density function or for the variation predicted for an aging lens. A similar calculation for macular pigment did show rotation.
B. Variation in Cone-Photopigment Spectra
We consider both variation in the l max of the LWS and the MWS photopigment spectra and variation in the effective optical density of the photopigments. A feature of the standard colorimetric observers is that the chromaticity coordinates of long-wavelength lights fall on the inverse diagonal. The implication of this property is that the color matches of long-wavelength lights are mediated only by LWS and MWS cones. In the CIE observers the chromaticity coordinates for long-wavelength lights fall on the inverse diagonal, and the Z primary is at (0, 0). All middle-and long-wavelength photopigments and their sums have copunctal points that similarly fall on the inverse diagonal.
Today it is recognized that the LWS-and the MWScone photopigments can show polymorphism in the amino acid sequences of their opsins. Such polymorphisms can affect the l max of the photopigment spectra. Eight polymorphisms for the LWS and five for the MWS photopigment have been reported, 30 leading to the possibility of 17 different LWS opsins and 11 different MWS opsins. The most common polymorphism is the LWS photopigment serine͞alanine 180 polymorphism, with a ratio of 60% serine and 40% alanine in the population. This polymorphism is believed to cause a 4-nm shift toward shorter wavelengths in the LWS photopigment. 31 -34 Correlation of this polymorphism with dual Rayleigh matches 35 can be observed in color-normal males. 36 The remaining polymorphisms might also result in variation in the spectral absorption curves for the cones. Thus we might expect to find some jitter of the copunctal points around the nominal values for the Judd observer. We have estimated elsewhere that the range of photopigment variation consistent with color-matching data is approximately 63 nm. 37 Another way in which photopigment spectra may vary among individuals is in their effective optical density. Such variation is most pronounced for small foveal fields for which the effective optical density is highest. 38 Individual differences in optical density of the LWS and the MWS photopigments can account for variability in chromaticity coordinates normalized in the manner described by W. D. Wright. 
C. Cone Weightings
For the Judd observer the luminosity function is synthesized from a sum of the LWS-and the MWS-cone photopigments. The CIE spectral luminous-efficiency function V ͑ l͒ was derived from the average of many observers with use of a variety of psychophysical methods but was based primarily on heterochromatic flicker photometry. The short-wavelength portion below 460 nm was later modified by Judd, 12 and the Judd function, now termed V M ͑ l͒, 40 is the y bar͑ l͒ function of the Judd 12 modified colorimetric observer. In practice, spectral sensitivity varies among observers, and the term sensation luminance 41 has been introduced to describe the matches of individuals. Variation in the spectralluminosity function will not affect the chromaticity coordinates, but it does affect the estimated value of Y , the spectral-luminance factor for a color. In a monitor system in which the primaries are broadband, the effect of this variation on Y may cause rotation of chromaticities relative to the nominal cardinal axes.
The major variation of the spectral-luminosity function measured by heterochromatic flicker photometry at long wavelengths is usually attributed to variation in the cone weightings that constitute the function. 42 The Judd spectral luminosity curve can be described as a sum of the Smith -Pokorny LWS and MWS fundamentals. One can model variation in the heterochromatic flicker photometry by varying the proportions of the fundamentals that are needed for fitting the measured function. 43, 44 Estimates of the range of cone weightings vary from LWS/2MWS to 8LWS͞MWS 44, 45 and from LWS/1.4MWS to 9LWS/MWS. 46 
METHODS
We evaluated the rotation in chromaticity space by calculating chromaticities l and s for the Judd observer in cone-chromaticity space L, S, Y as normalized by Boynton and Kambe. 14 The calculations that we present are based on our calibrations of a Nanao monitor, which employs a Sony Trinitron CRT. Phosphor spectra were also measured on three other Trinitron-based monitors, a second Nanao monitor, a Sony high-resolution monitor, and an Apple monitor. The phosphor chromaticity of these monitors are identical within measurement error. The CIE (1931) chromaticity coordinates of the phosphors fall well within the gamut for monitors of various manufacture. 9 The blue and the green phosphors are broadband. The phosphor chromaticities vary little for the blue phosphor, which for the Nanao and Sony monitors have a peak output at 443.5 nm with a half-bandwidth of 33 nm. The green phosphor for the Nanao monitors has a peak output at 525.5 nm with a half-bandwidth of 37.5 nm (in a Mitsubishi monitor we noted a wider bandwidth). The red phosphor has several narrow peaks; four major peaks are at 595, 618, 627, and 710 nm, all with half-bandwidth ,3 nm. The relative heights of these peaks may vary among manufacturers, giving some spread in chromaticity coordinates. The peak luminances of the phosphors may also vary considerably among different monitors, giving variance in the nominal screen white.
We used two calibrations for our calculations. We used a spectroradiometric calibration to derive the chromaticity coordinates of the phosphors at full output; this calibration gives values at 1-nm intervals and uses a scanning spectroradiometer (International Light IL1700). The spectral output of the phosphors relative to the maximal output of the red phosphor is plotted as a function of wavelength in Fig. 1 . From these and the tabulations of Smith -Pokorny fundamentals normalized to unity at their peak 47 we calculated the phosphor chromaticities, l, m, and s in cone-excitation space. A photometric calibration (Minolta LS100 luminance meter) for each phosphor was performed as a function of the voltage driving the gun. The calibration gives values at 1024 steps. We used a recursive methodology to linearize the lookup table. The maximal luminance of each phosphor is taken as Y for that phosphor. We also calculated the maximal luminance Y for the blue and the red phosphors from the spectroradiometric calibration, expressing the data relative to the green phosphor, which was normalized to 100. This calculation was compared with the maximal luminance obtained from the photometric calibration. The relative blue phosphor output was identical, and that for the red phosphor differed by 0.3%, indicating that the quality of the calibrations was good. Table 1 shows the chromaticities and the maximal luminance for the Nanao monitor. Figure 2 shows the phosphor chromaticities in a conetroland chromaticity diagram normalized to 1 Td. The value of relative S trolands is plotted on the ordinate and the relative L trolands on the abscissa. To evaluate the effect of biological variation we considered two lines at a nominal luminance of 8 cd͞m chose permits a good gamut of color and is within a reasonable photopic luminance for color-discrimination work. We then calculated the integers needed for production of the desired colors and luminance. For example, at the screen white, all three guns received the same integer value. Once these integer values were solved for each of the four end colors plus white, we could evaluate the effect of variation. For variation in inert pigments (lens and macular pigment) we used 1-nm tabulations for the lens and the macular pigment. 47 We used the lens function proposed by Pokorny et al. 19 for a 32-year-old observer. To assess the effect of interindividual variability we allowed the lens to vary 25% above and below its mean spectral density. To assess the effect of aging we computed the lens density for a 20-year-old and a 60-year-old observer, using the equation suggested by Pokorny et al. 19 We used the macular-pigment function tabulated by Wyszecki and Stiles, 24 with a peak spectral density of 0.5. We scaled macular-pigment spectral density to have a peak spectral density of 0.0 or 1.0. We then multiplied or divided the appropriate transmission factor by the Smith -Pokorny fundamentals and, using the spectroradiometric calibrations recalculated L ‫ء‬ , S ‫ء‬ , and Y ‫ء‬ for each phosphor. The asterisks indicate that these chromaticities are no longer for the Judd observer.
To evaluate the effect of photopigment polymorphism, we considered a possible shift of 4 nm in either the LWS or the MWS extinction spectra. The following procedures were done: (1) We shifted the long-wavelength extinction spectrum 24 nm on a wave-number scale to a lower l max . We recalculated the fundamental and substituted the shifted photopigment for the LWS fundamental and recalculated L ‫ء‬ , S ‫ء‬ , and Y ‫ء‬ . (2) We shifted the middle-wavelength extinction spectrum 14 nm on a wave-number scale to a higher l max . We recalculated the fundamental and substituted the shifted photopigment for the MWS fundamental and recalculated L ‫ء‬ , S ‫ء‬ , and Y ‫ء‬ . (3) We also considered a joint shift of 24 nm in the LWS photopigment and 14 nm in the MWS photopigment.
To evaluate the effect of optical density we considered that the LWS and the MWS fundamentals have effective peak optical densities of 0.4 and 0.3, respectively, for a 2 ± field. We calculated a high optical-density condition of 0.6, 0.5 and a low optical-density condition of 0.2, 0.1. The high optical-density condition yielded two slightly broader spectra; the low optical-density condition yielded two slightly narrower spectra for the LWS and MWS photopigments. These spectra were substituted for the LWS and MWS fundamentals in the calculation of L ‫ء‬ , S ‫ء‬ , and Y ‫ء‬ .
For variation in cone populations we used different weightings of LWS and MWS fundamentals in calculating Y ‫ء‬ . The values of L and S were unchanged. We used one weighting of LWS/2MWS and one weighting of 6LWS/MSW.
We then computed the chromaticities of the two lines, using the integers calculated for the Judd observers and the values of l ‫ء‬ , s ‫ء‬ , and Y ‫ء‬ as calculated above. The values of Y ‫ء‬ were expressed relative to Y for the green phosphor, obtained from our original luminance calibration.
RESULTS

A. Chromaticity
The axes are summarized in Table 2 and in Figs. 2 and  3 , which plot cone excitation normalized to 1 Td. 
B. Inert Pigments
Variation in overall lens density from the average 32-year-old lens resulted in minimal rotation and little change in the white point. The white point was displaced primarily in the tritan direction. The rotations were less than 60.07 ± on the vertical axis (90 ± ) for the tritan line and between 24.5 ± and 227 ± on the horizontal axis (0 ± ) for the red -green line [ Fig. 2(a) ]. A similar result was obtained for the calculated effect of a 20-year-old's lens. The effect was slightly greater for a 60-year-old's lens, with a rotation of 0.16 ± on the tritan line and 233 ± on the red -green line [ Fig. 2( b) ]. Calculations for macular pigment are shown in Fig. 2(c) . Lines joined by squares show the target chromaticities for a macular pigment of zero, and circles show chromaticities for a macular pigment with 1.0 peak spectral density. The white points are slightly displaced from the nominal white point in both the tritan and the red -green directions, toward a blue-green for zero macular pigment and toward a yellowish-red for high macular pigment. For macular-pigment densities of 0.0 and 1.0 the rotations in the cone-troland space were 20.29 ± and 0.76 ± on the tritan line and 17
± and 220 ± on the red -green line, respectively.
C. Photopigment Spectra
Our calculations for a 24-nm pigment shift of the LWS photopigment (circles) and a 14-nm shift in the MWS photopigment (squares) are shown in Fig. 3(a) . The white point moves primarily on the red -green axis. The rotations were less than 60.1 ± on the tritan line and less than 626 ± on the red -green line. The effect of varying the effective optical density of the photopigments resulted in only minimal rotation [ Fig. 3( b) ], less than 60.04 ± on the tritan line. There was a 234 ± rotation for high optical density on the red -green line.
D. Cone Weightings
The effect of varying the LWS-and MWS-cone weighting in synthesizing the spectral-luminosity function is shown in Fig. 3(c) . The white point moves primarily on the red -green axis. The rotations were less than 60.2 ± on the tritan line and less than 648 ± on the red -green line. 
E. Luminance
The interaction of the chromatic axes with the luminance axis is also instructive. Variation in macular pigment induces sensation-luminance variation primarily in the blue phosphor and thus has its major effect on the tritan line. Variation in the lens has a lesser effect on relative phosphor luminances. Variations in the cone spectra or in the cone weightings have primary effects on the relative outputs of the red and the green phosphors, and thus we expect the major effects to occur on the red -green line. A shift in the MWS-cone photopigment spectrum has a minor effect, but variation in the LWS-cone photopigment reduces the relative luminance of the red phosphor and introduces a rotation of 242 ± (ϳ15% luminance variation) along the red -green line. Variation in the cone weightings introduces a rotation of 621 ± (ϳ7% luminance variation) on the red -green line. The calculated rotations are shown in Table 3 .
F. Combinations
Our calculations were made for what we consider extreme observers, i.e., observers with pronounced deviations in inert ocular pigments, photopigment polymorphisms, or cone weightings. Such extreme variation causes rotations relative to the colorimetric axes. The rotations are not linked. The same biological variation can cause a small rotation in the tritan axis and a large rotation in red -green axis. The most-severe rotations that we observed were in the luminance axis. For extremes of macular pigment we observed angles of 3 ± for the tritan line, and for extremes of cone weightings we observed angles near 50
± for the red -green line. It is also possible that a given observer might have a combination of variance, e.g., high macular pigment and a 4-nm shift in the LWS pigment. Since we obtain the new chromaticities by linear sums, we might expect the effects to add. For chromaticity rotations it can be noted from Table 2 that combinations of extreme factors are unlikely to cause more than a 1 ± rotation from the nominal tritan line. For the red -green line certain combinations, such as a 4-nm shift in the MWS pigment plus a weighting of 6LWS/MWS or high optical density plus a weighting of 6LWS/MWS could result in rather substantial rotations. It can be noted from Table 3 that for luminance rotation combinations of extreme factors can lead to 4 ± rotations from the nominal tritan line, if extreme macular pigment is an issue. Once again, for the red -green line, certain combinations, such as a 4-nm shift in the LWS pigment plus a weighting of 6LWS/MWS or low optical density plus a weighting of LWS/2MWS could result in substantial rotations.
EVALUATION OF THE ROTATIONS
The chromaticity plots of Figs. 1 and 2 are for a typical monitor and are independent of spatial presentation. What is the importance of the observed rotations? There are two consequences of the rotations. First, there are factors that might change a discrimination step. For a given angle of rotation there is less effective contrast as the stimulus energy is moved from the white point. Thus a discrimination threshold will require a larger step. For tritan discriminations the largest rotation was 63 ± . The effect on the discrimination step expressed as a delta I in cone trolands is less than 0.001 log unit, within measurement variability. For red -green discriminations, rotations less than 25 ± might cause an apparent discrimination loss of 0.05 log unit, but the larger rotations of 45 ± could cause a discrimination loss of 0.15 log unit. In some cases the lengths of the rotated lines were shorter or longer than the nominal line. This result was most obvious for the S-troland lines with variation in lens or macular pigment. A high macular pigment reduces the range of S trolands available, whereas a low macular pigment increases it.
The second effect of a rotation on one dimension is that it introduces stimulus energy from the other two dimensions. We have assumed the three dimensions of cone-excitation space to be independent, on the basis of the accepted concepts of parallel-pathway processing. The assumption of independence is probably reasonable for psychophysically determined detection and discrimination in the color domain (but would not be adequate for color appearance). Discrimination contours in chromatic and achromatic directions have been described as a solid parallelopiped (e.g., Refs. 48 -51) or as an ellipsoid (e.g., Refs. 50, 52, and 53). An ellipsoid suggests the possibility of probability summation. The effect of probability summation is to enlarge the range of angles at which interactions among independent mechanisms will be effective.
It has become customary in visual psychophysics to use the so-called Quick approximation to evaluate probability summation. A feature of the Quick pooling model 54 is that the slopes of the component mechanisms are determined by the value of the exponent. For spatial vision the exponents are in the range 3 -6 (Ref. 55) . There is less information on the slope of the psychometric function for chromatic vision. Exponents in the range 2 -4 have Fig. 4 . Expected range of probability summation plotted as a function of the sensitivity ratio of hypothesized independent mechanisms. Heavy solid curve, independence without probability summation; thin solid curves, exponent of 2; long-dashed curves, exponent of 3; short-dashed curve, exponent of 4.
been used, e.g., Ref. 56, but the underlying psychometric functions have not been independently evaluated. 57 In chromatic vision different tasks may show differing ratios of sensitivity on the three axes. With the assumption of independence, discrimination in the equiluminant cone-excitation plane will form a rectangle. The arctangent of the sensitivity ratio gives an angle at which discrimination will change from one mechanism to another. Probability summation will enlarge the range of interaction about this angle. Thus the importance of a rotation will depend on the ratio of the discrimination steps and the role of probability summation. Figure 4 shows the expected range of interaction as a function of the sensitivity ratio. The heavy solid curve shows the angle of independence (arctan of the sensitivity ratio). The thin solid curves and the dashed curves show how probability summation with exponents of 2-4 extends the angle to a range of interaction, i.e., to angles at which sensitivity is greater than independence alone. As the sensitivity ratio is increased, the effect of probability summation diminishes. Probability summation is effective with an exponent of 2 (with a region of interaction of 618 ± ) and sensitivity ratios below 8. There is a small effect of probability summation (65 ± for a sensitivity ratio below 8) for an exponent of 3 and a minimal effect for an exponent of 4.
To interpret the data of Tables 2 and 3 within the framework of Fig. 4 , consider first the rotations of the tritan axis. The largest rotations toward the red -green line were caused by extremes of macular pigment, giving axes from 89.7 ± and 90.76 ± . From Fig. 4 such an axis might occur at a sensitivity ratio above 30; at this ratio, probability summation would be negligible. Rotations toward the luminance plane were similarly largest for extremes of macular pigment, giving axes from 87
± to 93 ± . From Fig. 4 such an angle might occur at a sensitivity ratio near 20. For the red -green axis the majority of rotations, either for rotations into the tritan axis or for rotations into the luminance axis were less than 620 ± . The largest rotations for extreme cone weightings were at 650 ± . Such large rotations would be important for a sensitivity ratio less than 2 and for probability summation with an exponent of 2.
The effects of rotation thus depend critically on the sensitivity ratio of the mechanisms. We can consider examples of different tasks, such as chromatic discrimination in the equiluminant plane, tasks that depend on spatial and temporal resolution, and tasks that involve the use of cone axes (e.g., color vision tests).
A. Chromatic Discrimination in the Equiluminant Plane
Chromatic-discrimination data support the concept that the cone-excitation axes are independent for chromatic discrimination. 14, 15 When expressed in cone trolands, the data show that chromatic discrimination is elongated in the S-troland direction, with ratios varying between 1 : 4 (Ref. 58), 1 : 8 (Refs. 14 and 58), and 1 : 20 (Ref. 15 ). Thus the chromatic-discrimination step is elongated in the S-troland direction, but the amount of elongation varies with the spatiotemporal parameters, the surround conditions, and the task. Therefore it is conceivable that a rotation might allow red -green discrimination to determine the discrimination step but that the paradigm would need to establish a discrimination ratio greater than 30:1.
The luminance threshold also varies with experimental parameters. For equiluminant chromatic discrimination it is appropriate to use a stimulus presentation associated with a sensitivity ratio greater than 2. Stimulus presentations with temporally and/or spatially blurred onsets will minimize luminance transients. 59, 60 Under many conditions chromatic detection is more sensitive than luminance detection. As an example, Priest and Brickwedde 61 noted that, for the first discriminable step from white, small amounts of spectral lights added from the spectral extremes are detectable as chromaticity differences before they become detectable as luminance differences. Chaparro et al. 62 recently showed that for a small 200-ms test spot the ratio of chromatic to luminance detection was 4 : 1. Thus an important design feature for measurement of equiluminant chromatic discrimination is to minimize spatiotemporal transients. An alternative strategy is to use luminance noise to mask luminance information.
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B. Tasks That Depend on Temporal or Spatial Resolution
In a task such as reaction time, there is evidence that luminance changes are processed much faster than pure chromatic changes. 64 Other tasks that depend on temporal processing are duration thresholds 65 and two-pulse resolution. 66 In these types of task, even a few-percent luminance contrast may prove sufficient to allow the temporally more sensitive luminance mechanism to dominate the response. Thus the experimenter must be sensitive to the kinds of biologic variability that cause rotation into the luminance axis. There is little evidence of any difference in temporal processing for the tritan and the red -green axes. Both psychophysical data for purity duration thresholds 67 and electrophysiological data for temporal modulation responses of macaque P pathways cells suggest that chromatically determined modulation transfer functions have similar temporal characteristics.
Spatial resolution is much higher for luminance than for chromatic stimuli. Further, red -green spatial resolution may be higher than tritan resolution. 68 In these types of task the role of biological variation is further enhanced by the fact that chromatic aberration may introduce luminance information into the stimulus.
C. Color Vision Tests
Color vision tests such as pseudoisochromatic screening plates take advantage of the fact that color-discrimination loss extends along confusion lines for the defect. 69 For acquired color vision defects the nominal tritan and red -green axes are important. For X-chromosome linked color defects the cone axes for the LWS and the MWS cones become important. In the relative troland diagram, the LWS-cone axes originate at the coordinate (0, 0), and the MWS-cone axes originate at the coordinate (0, 1). Rotations of the LWS-and the MWS-cone axes through equal-energy white will show similar rotations, as noted in Tables 1 and 2 .
In a typical pseudoisochromatic design, dots of one color form a figure against a background formed by dots of another color. The importance of biological variability on the exact colors chosen has long been recognized. One strategy chosen to minimize the effect of rotations into the luminance axis is to vary the dot reflectances so that luminance information per se cannot yield a reading of the plate. This strategy works sufficiently well that protan and deutan observers often misread the same plates despite the luminance information available. The principle was incorporated recently into a design for pseudoisochromatic figures, 63 with use of a monitor system. The factors that we have considered are either preretinal or retinal. Thus, in principle, the use of cone-troland axes is most appropriate for postretinal defects. Further, it is necessary to evaluate all complications of a disease. In a diabetic retinopathy, the insults appear to be postretinal. However, diabetic retinopathy may be accompanied by accelerated lens aging, which may induce a larger rotation than that expected for the patient's age. 70 A discrimination deficit may be defined statistically by chromatic thresholds that are more than 2 standard deviations greater than normal. If discrimination loss is for both the S and the L pathways, the sensitivity ratios will be unchanged. However, if discrimination loss affects primarily one pathway, the sensitivity ratio may change.
